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Summary
Ca2+ signaling in nonexcitable cells is typically initiated
by receptor-triggered production of inositol-1,4,5-tris-
phosphate and the release of Ca2+ from intracellular
stores [1]. An elusive signaling process senses the
Ca2+ store depletion and triggers the opening of
plasma membrane Ca2+ channels [2–5]. The resulting
sustained Ca2+ signals are required for many physio-
logical responses, such as T cell activation and differ-
entiation [6]. Here, we monitored receptor-triggered
Ca2+ signals in cells transfected with siRNAs against
2,304 human signaling proteins, and we identified two
proteins required for Ca2+-store-depletion-mediated
Ca2+ influx, STIM1 and STIM2 [7–9]. These proteins
have a single transmembrane region with a putative
Ca2+ binding domain in the lumen of the endoplasmic
reticulum. Ca2+ store depletion led to a rapid translo-
cation of STIM1 into puncta that accumulated near the
plasma membrane. Introducing a point mutation in
the STIM1 Ca2+ binding domain resulted in prelocal-
ization of the protein in puncta, and this mutant failed
to respond to store depletion. Our study suggests
that STIM proteins function as Ca2+ store sensors in
the signaling pathway connecting Ca2+ store deple-
tion to Ca2+ influx.
Results and Discussion
Identification of STIM1 and STIM2 as Potential
SOC Influx Mediators
Stimulation of cells with a variety of physiological stim-
uli leads to an inositol-1,4,5-trisphosphate (IP3)-medi-
ated release of Ca2+ from intracellular stores, which in
turn triggers an influx of Ca2+ across the plasma mem-
brane [1–6, 10, 11]. Many of the signaling pathways
leading from cell stimulation to Ca2+ store depletion
have been defined, but the pathways leading from Ca2+
store depletion to Ca2+ influx through the plasma mem-
brane (also termed store-operated Ca2+ [SOC] influx or
capacitative Ca2+ entry pathway [2–5]) have remained
elusive. To identify proteins involved in the SOC influx
pathway, we have selected 2,304 proteins that contain
known signaling domains from the National Center for
Biotechnology Information (NCBI) database and gener-
ated in vitro-diced siRNAs against each of the targets.
We then tested their role in Ca2+ signaling with a kinetic
Ca2+ screen in an automated microplate reader. Stimu-
lation of HeLa cells with histamine and thapsigargin*Correspondence: tobias1@stanford.eduleads to an initial peak in cytosolic Ca2+ levels and then
a plateau. The sustained plateau level is indicative of
induced SOC influx. Thus, by monitoring which siRNA
reduces the sustained plateau phase without changing
the initial peak response, we could identify proteins that
mediate SOC influx.
With visual inspection of the Ca2+ time courses (Fig-
ure 1A) and comparison of the relative Ca2+ plateau val-
ues (Figure 1B), the siRNAs targeting the gene products
STIM (stromal interaction molecule) 1 and STIM2 stood
out in their ability to suppress the sustained Ca2+ sig-
nals while showing little effect on the peak amplitude.
Although STIM1 and STIM2 were identified previously
as potential tumor growth suppressors [8, 12, 13], they
had not been suspected of having a role in Ca2+ signal-
ing. Nevertheless, both proteins have been biochemi-
cally characterized and have been shown to form ho-
mo- and hetero-oligomers as well as to have a
transmembrane domain and a putative luminal single
EF-hand Ca2+ binding domain [9, 13, 14] (Figure 1C).
Suppression of Ca2+ Influx in STIM
Knockdown Cells
To confirm that STIM1 and STIM2 are required for the
SOC influx pathway, we performed a “Ca2+ add-back”
experiment, in which Ca2+ stores were first depleted in
the absence of extracellular Ca2+ with histamine and
thapsigargin. Extracellular Ca2+ was then added back
to monitor Ca2+ influx. In HeLa cells transfected with
siRNA against STIM1, STIM2, or both, we observed a
significant suppression of Ca2+ influx (Figure 1D). The
same results were obtained when knockdown cells
were stimulated with either histamine (Figure 1E) or
thapsigargin alone (Figure 1F). We also found that
siRNAs against the 3# untranslated regions (UTR) of
both STIM1 and STIM2 as well as three synthesized
individual siRNAs against STIM1 led to a similar sup-
pression of Ca2+ influx (see Figure S1A in the Supple-
mental Data available with this article online; data not
shown). As additional controls, we found that there
was no significant difference in membrane potential
changes or residual Ca2+ in the store between control
and STIM1 knockdown cells after stimulation (Figures
S1B and S1C). The suppression of Ca2+ influx by STIM
siRNAs could be titrated as a function of the siRNA
concentration (shown for STIM1 in Figure 1G). Remark-
ably, when HeLa cells were treated for 3 days with a
combination of 20 nM STIM1 and 20 nM STIM2 siRNA,
a significant 6-fold reduction of the SOC influx (to 15%
of control siRNA) was observed (Figure 1H). This nearly
complete inhibition of Ca2+ influx provides support for
a key role of STIM proteins in mediating SOC influx.
Suppression of NF-AT Translocation and TCR-
Triggered Ca2+ Influx by STIM1 siRNA
To test for a functional consequence of the reduction
in SOC influx, we monitored the activation of NF-AT,
a transcription factor that is activated in response to
sustained Ca2+ signals [15, 16]. Consistent with a func-
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1236Figure 1. STIM1 and STIM2 Are Identified in a Kinetic Ca2+ Screen for Suppression of SOC Influx with 2,304 Human Signaling siRNAs
(A) Comparison of the Ca2+ time course in STIM1 knockdown cells to the averaged reference time course. HeLa cells were transfected with
the siRNA signaling set at an average concentration of 10 nM for 2 days. Fura-2 Ca2+ time courses were measured in a microplate reader
with automated stimulus addition.
(B) Positional heat-map analysis of relative Ca2+ plateau values in the two microplates containing STIM1 and STIM2 siRNA-transfected cells
(24 duplicate siRNAs per plate). Relative Ca2+ plateau values were calculated by dividing the plateau (the average of the last 5 data points)
by the peak (the average of 3 peak points) fluorescence.
(C) Domain structure of STIM1 and STIM2. Domains include an EF-hand motif (EF), a SAM domain, a single transmembrane domain (TM),
and an ERM domain arranged from N to C terminus of both proteins with the C terminus in the cytosol.
(D–F) Suppression of Ca2+ influx by STIM siRNAs measured by “Ca2+ add-back” in HeLa cells transfected with 10 nM STIM1 and/or 10 nM
STIM2 siRNA for 2 days. One hundred micromolars histamine plus two micromolars thapsigargin (D), histamine alone (E), or thapsigargin
alone (F) was used to deplete Ca2+ stores.
(G) Titration of STIM1 siRNA. Total siRNA concentration was kept at 20 nM for all samples with control siRNA.
(H) Near-complete inhibition of Ca2+ influx in cells transfected for 3 days with 20 nM STIM1 plus 20 nM STIM2 siRNA. Data shown in (D)–(H)
are the average of 3 bulk-cell Ca2+ measurements obtained with a microplate reader.
(I) Suppression of T-cell-receptor-triggered Ca2+ influx by STIM1 siRNA. Ca2+ add-back experiments were done in Jurkat T cells transfected
with pYFP-Nuc (transfection marker) plus 72 nM STIM1 or control siRNA for 2 days. Ca2+ stores were depleted with 20 g/ml anti-human
CD3 antibody. Shown are the average Ca2+ responses of 48 control and 84 STIM1 siRNA-transfected (YFP-positive) single cells.
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1237tional relevance of STIM1 in NF-AT activation, the trans-
location of YFP-NF-ATc1 to the nucleus was nearly
completely reduced in Ca2+-store-depleted HeLa cells
transfected with siRNA against STIM1 in comparison to
control siRNA (Figure S1D). Because SOC influx has
been shown to be required for T cell activation [6, 17],
we also examined the effect of STIM1 on Ca2+ influx in
a Jurkat T lymphocyte model. As shown in Figure 1I,
the SOC influx triggered by T-cell-receptor (TCR) stimu-
lation was effectively suppressed by siRNA against
STIM1.
Regulation of SOC Influx by STIM
The suppression of Ca2+ signals in STIM knockdown
cells could in principle result from an accelerated
plasma membrane Ca2+ extrusion instead of a reduced
influx. In order to distinguish between these two possi-
bilities, we monitored the Ca2+ influx directly with an
Mn2+ quench assay [18]. This method is based on the
earlier findings that SOC influx channels are permeant
to Mn2+ and that Fura-2 becomes nonfluorescent when
complexed with Mn2+. Consistent with a role of STIM in
regulating Ca2+ influx and not Ca2+ extrusion, siRNAs
against a combination of both STIM isoforms sup-
pressed the Mn2+ quench-rate increase triggered by
Ca2+ store depletion (Figure 2A).
We then cloned human STIM1, conjugated the pro-
tein with an N-terminal YFP-tag (after the signal pep-
tide), and tested the effect of STIM1 overexpression on
SOC influx. As shown in Figure 2B, overexpression of
YFP-STIM1 significantly increased the SOC influx. We
also observed a small increase in basal Ca2+ influx in
unstimulated cells; this increase might be an artifact of
the transient overexpression or may indicate that
STIM1, at high expression levels, can partially induce
Ca2+ influx in the absence of store depletion. The in-
creases of SOC and also the basal influx resulting from
STIM1 overexpression were almost completely blocked
by SKF 96365, an inhibitor of SOC influx [19], providing
further support that STIM1 has a role in activating
SOC influx.
Redistribution of YFP-STIM1 into Puncta
after Ca2+ Store Depletion
To investigate the mechanism by which STIM proteins
regulate the SOC influx pathway, we first determined
the localization of STIM1 in unstimulated HeLa cells. As
shown in Figure 3A, YFP-STIM1 mostly colocalized with
a marker of the endoplasmic reticulum (ER). Strikingly,
Ca2+ store depletion triggered a redistribution of YFP-
STIM1 into puncta that accumulated inside the cell and
also appeared to be enriched near the cell periphery
(left bottom panel, Figure 3A). Initial translocation of
YFP-STIM1 could be observed in less than 1 min (Fig-
ure S2). To test whether this translocation process was
reversible, we used BHQ instead of thapsigargin to
deplete Ca2+ stores and found that most YFP-STIM1
puncta disappeared within 3 min after the removal of
histamine and BHQ (Figure S3). We next examined
whether some of these puncta are domains within the
plasma membrane. We stained the cells for extracellu-
lar YFP-STIM1 with anti-GFP antibodies and found no
significant insertion of YFP-STIM1 to the plasma mem-Figure 2. STIM Regulates SOC Influx
(A) Direct measurement of Ca2+ influx with an Mn2+ quench assay.
HeLa cells were transfected for 2 days with 20 nM control or a mix
of 10 nM STIM1 and 10 nM STIM2 siRNAs. Two millimolars Mn2+
was added before image acquisition, and 100 M histamine plus 2
M thapsigargin was added 50 s after. The left panel shows the
relative Fura-2 fluorescence intensity measured with 360 nm exci-
tation as a function of time in control and STIM knockdown cells.
Each trace represents the average quench response of three sepa-
rate experiments, with 660–1300 individual cells analyzed per ex-
periment. A Matlab program was used to calculate the F/F
quench rate in each cell before (4–44 s) and after (100–140 s) stimu-
lus addition. The average F/F is shown in a bar graph on the right.
(B) Overexpression of YFP-STIM1 enhances SOC influx. HeLa cells
transfected with 40 ng YFP-STIM1 or control vector for 1 day were
subjected to Mn2+ quench assays as described in (A). A SOC influx
inhibitor, SKF 96365, was used at 20 M. Over 150 individual cells
were analyzed for each data set. Error bars are 95% confidence
bounds.brane after Ca2+ store depletion (data not shown). Fur-
thermore, we found that the redistribution of YFP-
STIM1 occurred in the absence of extracellular Ca2+
(Figure S4), suggesting that the redistribution is likely a
cause rather than a consequence of Ca2+ influx.
The EF-Hand of STIM1 Senses
ER Ca2+ Store Depletion
Because STIM1 and STIM2 are type-I transmembrane
proteins, their unpaired EF-hand domains are predicted
to be in the lumen of the ER. This led us to the hypothe-
sis that STIM proteins may function as Ca2+ sensors
that use their EF-hand domains to monitor the loading
of Ca2+ stores. Interestingly, when the first Ca2+ binding
aspartic acid residue in the EF-hand [20, 21] was mu-
tated to alanine (D76A), this YFP-STIM1 EF-hand mu-
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1238Figure 3. STIM1 Senses ER Ca2+ Depletion with Its Luminal EF-Hand
(A) YFP-STIM1 redistributes into punctate structures after Ca2+ store depletion. HeLa cells were cotransfected with YFP-STIM1 and a CFP-
tagged ER marker. CFP/YFP confocal images of the same cell were taken before (top two panels) and 8 min after (bottom two panels)
histamine plus thapsigargin stimulation. The arrows point to peripheral sites rich in puncta. The magnified panels on the right show the
colocalization of STIM1 with the ER marker before stimulation.
(B) The EF-hand mutant of STIM1 is already localized to puncta and does not respond to store depletion. HeLa cells were cotransfected with
YFP-STIM1(D76A) and a CFP-ER marker. CFP/YFP confocal images of the same cell were taken before (top two panels) and 8 min after
(bottom two panels) histamine plus thapsigargin stimulation. The scale bar represents 10 m.
(C) STIM1 knockdown cells expressing the EF-hand mutant show elevated influx prior to stimulation and are unresponsive to Ca2+ store
depletion. Mn2+ quench assays were performed in HeLa cells transfected with 40 nM STIM1 UTR or control siRNA plus YFP-STIM1(D76A) or
the YFP vector as described in Figure 2A. Error bars are 95% confidence bounds.tant was already significantly prelocalized in puncta be- a
ifore stimulation, and Ca2+ store depletion had no
significant additional effect on the localization of the m
aEF-hand mutant (Figure 3B). We further tested the func-
tion of the EF-hand mutant by examining its effect on l
tSOC influx in STIM1 knockdown cells, in which the ef-
fects of the endogenous STIM1 are minimized. Consis- g
ttent with the imaging results, expression of the EF-
hand mutant increased Ca2+ influx even if the Ca2+ t
Sstores were filled, and it failed to further promote SOC
influx in response to Ca2+ store depletion (Figure 3C). d
bNotably, the EF-hand mutant could not completely re-
store SOC influx level in knockdown cells, which may C
indicate that prolonged activation of STIM leads to a
partial desensitization of SOC influx. R
N
ATwo Localization States of YFP-STIM1
Regulated by Ca2+ Binding v
nIn order to directly compare the puncta formed by wild-type and the EF-hand mutant of STIM1, we constructedCFP-conjugated wild-type STIM1 that can be imaged
n the same cell as the YFP-conjugated STIM1 EF-hand
utant. We monitored the cells by confocal microscopy
nd focused near the cell adhesion surface, where the
argest numbers of puncta formed by the EF-hand mu-
ant could be seen. Remarkably, store depletion trig-
ered a translocation of the initially ER-distributed wild-
ype STIM1 into the same puncta already marked by
he EF-hand mutant (Figure 4A). This suggests that
TIM1 can exist in two states, a relatively uniform ER
istribution when Ca2+ is bound and a punctate distri-
ution when Ca2+ dissociates or when the EF-hand
a2+ binding site is mutated.
apid Redistribution of YFP-STIM1 into Puncta
ear the Plasma Membrane
n “induced coupling” model has been proposed pre-
iously for activation of plasma membrane SOC chan-
els [22]. In this model, Ca2+ store depletion may in-duce the formation of new conformationally coupled
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1239Figure 4. STIM1 Exists in Two Localization States and Is Rapidly Redistributed into Puncta Near the Plasma Membrane after Ca2+ Store
Depletion
(A) Colocalization of wild-type and the EF-hand mutant of STIM1 in puncta after Ca2+ store depletion. HeLa cells were cotransfected with
CFP-STIM1 and YFP-STIM1(D76A). CFP/YFP confocal images were taken near the adhesion surface of the same cell before (top two panels)
and 2.5 min after (bottom two panels) histamine plus thapsigargin stimulation. The magnified panels on the right show STIM1 puncta formation
and the colocalization of wild-type and the EF-hand mutant of STIM1 after Ca2+ store depletion.
(B) TIRF microcopy shows that many YFP-STIM1 puncta are rapidly formed within 100 nm of the plasma membrane. HeLa cells were
cotransfected with YFP-STIM1 and CFP-CAAX. CFP/YFP TIRF images were taken in the same cells at different time points after histamine
plus thapsigargin stimulation. The scale bar represents 10 m.
(C) Kinetic analysis of the average relative fluorescence intensity in near-plasma-membrane YFP-STIM1 puncta (n = 212; an exponential fit
is shown).junctions between ER and the plasma membrane. To
investigate whether some of the STIM1 puncta are
formed near the plasma membrane after Ca2+ store de-
pletion, we used total internal reflection fluorescence
(TIRF) microscopy, which selectively excites fluores-
cence within 100 nm of the plasma membrane [23], to
measure STIM1 puncta formation. When comparing
YFP-STIM1 to a CFP-conjugated plasma membrane
marker, CFP-CAAX, in the same cell with TIRF micro-
scopy, we found a fast increase in near-plasma-mem-
brane punctate fluorescence intensity after Ca2+ store
depletion (Figure 4B). The kinetics of YFP-STIM1
puncta formation near the plasma membrane (t = 521/2
s; Figure 4C) is also consistent with previously reportedtimes required for the activation of SOC influx (tens or
hundreds of seconds [23]). Although the resolution of
the TIRF measurements cannot definitely prove that
there is a physical link between STIM1 and the plasma
membrane, they show that a fraction of the STIM1
puncta rapidly form within 100 nm of the plasma mem-
brane. This is consistent with a hypothesis that short-
range signaling or direct coupling might be involved in
the activation of the SOC influx pathway by STIM pro-
teins.
Conclusions
Our study shows that STIM proteins are necessary for
the signaling process that links Ca2+ store depletion to
Current Biology
1240the induction of Ca2+ influx. On the basis of the EF-
shand mutant data, it is likely that STIM proteins function
as Ca2+ sensors that monitor the loading level of intra-
Mcellular Ca2+ stores. In a plausible model, the loss of
T
luminal Ca2+ binding by STIM proteins triggers a con- a
formational change that leads to its translocation to lo- i
cal sites (puncta) that are enriched near the plasma F
nmembrane. STIM proteins in these puncta may then di-
nrectly or indirectly trigger Ca2+ influx.
FExperimental Procedures
N
wCell Transfection, Plasmids, and Reagents
5HeLa (human epithelial) cells and Jurkat (human T lymphocyte) E6-1
wline were purchased from ATCC. DNA plasmids and siRNA were
ocotransfected into HeLa or Jurkat cells with Genesilencer reagent
L(Gene Therapy Systems, San Diego, CA). Full-length human STIM1
acDNA was isolated by PCR, sequenced, and cloned in to pDS_XB-
aYFP vector (ATCC). Enhanced yellow fluorescent protein (YFP) or
cyan fluorescent protein (CFP) (Clontech, Palo Alto) was inserted
immediately downstream of the predicted signal-peptide region of
Shuman STIM1. The YFP-conjugated EF-hand mutant of STIM1,
FYFP-STIM1(D76A), was made by site-directed mutagenesis with
bthe QuikChange Site-Directed Mutagenesis Kit (Stratagene). Nucle-
otide sequences of constructs were verified by sequencing. NF-
ATc1-YFP was provided by Dr. Won Do Heo. pECFP-Nuc, pECFP-
ER, and pEYFP-Nuc plasmids were obtained from Clontech. A
pECFP-CAAX plasmid was provided by Dr. Mary Teruel. Thapsigar-
gin, histamine, and BHQ (2,5-di-(t-Butyl)-1,4-benzohydroquinone) W
were purchased from Calbiochem. Anti-human CD3 (T cell recep- C
tor) antibody (BD BioSciences) was used at 20 g/ml. SKF 96365 t
(Sigma) was used at 20 M. S
C
isiRNA Library of Signaling Proteins
ATwo thousand, three hundred and four human signaling-related
wproteins were selected from the NCBI (RefSeq database) on the
Pbasis of the presence of signaling domains, such as protein kinase,
SH2, SAM, EF, and PH domains, as well as by text searches of
signaling-related terms. Gene-specific primers for the selected sig- R
naling proteins were designed with an in-house primer program R
and were used to generatew600 bp cDNA fragments immediately A
upstream of the stop codon of each mRNA by PCR. An additional P
set of nested primers was designed to add T7 promoters at both
ends of the final cDNA fragment. Nested PCR products were sub-
Rjected to in vitro transcription, in vitro dicing, and purification to
produce siRNA as described previously [24]. The siRNA signaling
set was sorted according to the NCBI RefSeq Protein accession
number and was stored in 24 96-well plates. The screen for SOC
influx regulators was done by transfecting HeLa cells with the
siRNA signaling set at an average concentration of 10 nM for 2
days in the 96-well format. Twenty-four siRNAs present in dupli-
cates were screened at a time in an experimental microplate. The
whole screen was performed twice.
Ca2+ Measurements
Ca2+ measurements were made with a fluorescence microplate
reader (FlexStation, Molecular Devices). HeLa cells were loaded
with 2 M Fura-2-AM in extracellular buffer (125 mM NaCl, 5 mM
KCl, 1.5 mM MgCl2, 20 mM HEPES, 10 mM glucose, and 1.5 mM
CaCl2 [pH 7.4]) for 30 min at room temperature. Fura-2 fluores-
cence was measured by illuminating the cells with an alternating
340/380 nm light every 5 s. Fluorescence intensity was measured
at 510 nm. Changes in intracellular Ca2+ concentration are pre-
sented as the change in the ratio of fluorescence intensity for exci-
tation at 340 and 380 nm. For Ca2+ add-back experiments, 3 mM
EGTA was added together with histamine and thapsigargin to re-
move extracellular Ca2+, and 10 mM Ca2+ was added back after
Ca2+ store depletion. Imaging-based single-cell Ca2+ measure-
ments of HeLa or Jurkat cells were performed with a 4× (HeLa)
or 10× (Jurkat) objective on an automated fluorescent microscope
ImageXpress 5000A (Molecular Devices) by loading cells with 0.5M Fura-2-AM. Fluorescence intensities of single cells were mea-
ured with the ImageXpress analysis software.
n2+ Quench Assays
wo millimolars Mn2+ was added to cells immediately before image
cquisition. Histamine and thapsigargin were added 50 s after, and
mage acquisition was continued for another 90 s. Quenching of
ura-2 fluorescence was measured by illuminating cells with 360
m light every 4 s, and fluorescence intensity was measured at 510
m with ImageXpress.
luorescence Imaging
F-ATc1 translocation was monitored in HeLa cells cotransfected
ith NF-ATc1-YFP and pECFP-Nuc plasmids with ImageXpress
000A with a 10× objective. Live-cell confocal imaging experiments
ere performed with transfected HeLa cells with a 40× objective
n a spinning-disk confocal microscope (Nipkow Wallac system).
ive-cell TIRF imaging was done with transfected HeLa cells with
60× objective on a Nikon TIRF microscopy system. Images were
nalyzed with MetaMorph software (Universal Imaging).
upplemental Data
our supplemental figures are available at http://www.current-
iology.com/cgi/content/full/15/13/1235/DC1/.
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Note Added in Proof
After submission of this manuscript, a paper was published show-
ing that siRNAs targeting the Drosophila STIM homolog and human
STIM1 both suppress SOC influx [25].
